In Escherichia coli, the metabolism of L-fucose and L-rhamnose yields L-lactaldehyde as an intermediate metabolite (14) . An NAD-dependent enzyme that oxidizes this intermediate to L-lactate was initially named lactaldehyde dehydrogenase (26) . Mutants selected for growth on L-1,2-propanediol express an NAD-dependent oxidoreductase constitutively. This enzyme oxidizes L-1,2-propanediol to L-lactaldehyde, which is then converted to L-lactate by the same dehydrogenase involved in L-fucose and L-rhamnose metabolism (14, 27) . Such propanediol-positive mutants, however, lost the ability to grow on L-fucose (11, 14) . A propanediol-negative mutant that lost the ability to grow on propanediol was then isolated. This secondary mutant (ECL40) lacked lactaldehyde dehydrogenase activity (26) and the immunologically cross-reacting material (5) . The enzyme was later shown to be able to oxidize other x-hydroxyaldehydes such as glycoaldehyde, which is generated in the metabolism of L-arabinose (20) . More recently, it was found that this enzyme was induced not only by growth on fucose, rhamnose, or arabinose, but also by growth in the presence of amino acids such as glutamate (5) . It is uncertain what role the enzyme plays in the metabolism of this amino acid.
Since the dehydrogenase was found to act on a number of aldehydes, it was renamed simply aldehyde dehydrogenase. The mutation abolishing the enzyme activity was designated as ald, which mapped at 31.2 min (13) . The native enzyme is a homotetramer with a subunit of 55,000 Da (5).
MATERIALS AND METHODS
Bacterial strains. The strains used are listed in Table 1 . Strain JA111 was constructed by transducing the recAl mutation from strain JA120 (3) to strain ECL40 by selecting for the closely linked marker srl::TnlO. Tetracycline-resistant transductants were scored for UV sensitivity.
Growth media and preparation of cell extracts. Cells were grown aerobically as described previously (7) on Luria broth (LB) or minimal medium. For growth on minimal medium, carbon sources were added to a basal inorganic medium (6) in the following concentrations: DL-1,2-propanediol, 40 mM; * Corresponding author. casein acid hydrolysate, 0.5% (wt/vol). Ampicillin and tetracycline, when used, were routinely added at final concentrations of 100 and 15 p,g/ml, respectively. For screening of the gene library, propanediol-ampicillin minimal agar plates were used that contained 40 mM DL-1,2-propanediol and 20 ,ug of ampicillin per ml. MacConkey-propanediol agar contained 1% DL-1,2-propanediol.
For the enzyme assay, the cells were harvested at the end of the exponential phase and the cell extract was prepared as described previously (6) with 10 mM Tris-HCl buffer (pH 7.0). When the extracts were used for enzyme purification, the buffer consisted of 10 mM phosphate buffer (pH 7.3) containing 10 mM P-mercaptoethanol and 1 mM EDTA (10) .
Enzyme assay. Aldehyde dehydrogenase activity was assayed spectrophotometrically (at 340 nm) by monitoring the increased rate of NADH formation at 25°C. Since this enzyme was also reported to be responsible for the conversion of glycoaldehyde to glycolate (10), glycoaldehyde was used instead of lactaldehyde because of the commercial unavailability of lactaldehyde. The assay mixture (1 ml) consisted of 1 mM lactaldehyde or glycoaldehyde, 100 mM sodium glycine buffer (pH 9.5), and 2.5 mM NAD.
Propanediol oxidoreductase activity was assayed at 25°C in the direction of L-lactaldehyde reduction by monitoring the decrease in the concentration of NADH. Since the oxidoreductase reduces not only lactaldehyde but also glycoaldehyde to ethylene glycol (8), glycoaldehyde was routinely used instead of lactaldehyde. The assay mixture (1 ml) consisted of 0.5 mM glycoaldehyde, 200 mM sodium phosphate buffer (pH 7.0), and 0.125 mM NADH.
The protein concentration in cell extracts was determined by the method of Lowry et al. (21) with bovine serum albumin as the standard.
DNA manipulation. Plasmid DNA was routinely prepared by the boiling method (22) . For large-scale preparation, a crude DNA sample was subjected to purification by cesium chloride-ethidium bromide density gradient centrifugation or on a column (Qiagen GmbH, Dusseldorf, Federal Republic of Germany). Single-stranded DNA was isolated by using a method outlined by Stratagene Corp., La Jolla, Calif. DNA manipulations were performed essentially as described by Maniatis et al. (22) . The DNA sequence was determined by using the dideoxy-chain termination procedure of Sanger et To resolve the numerous sequencing gel compressions, we used 7-deaza-dGTP and 7-deaza-dITP instead of dGTP. In some cases, treatment of the sequencing reaction with methoxyamine and bisulfite, which eliminate the secondarystructure effects in gels by modifying the cytosine residues, was required (1) . Primer extension analysis. Primer extension analysis was performed by using the procedure of Hu and Davidson (18) . The procedure involved hybridization of mRNA to a singlestranded DNA template and annealing of a radiolabeled DNA primer to the template at a site upstream from the 5' end of the mRNA. Extension of the primer by T4 DNA polymerase should stop at the 5' end of the hybridized mRNA; therefore, the 3' end of the growing DNA chain marks its position. Total RNA from strain ECL1 was obtained as described previously (6) . T4 DNA polymerase was purchased from Promega. Purification and amino-terminal determination of aldehyde dehydrogenase. Aldehyde dehydrogenase was purified from cells of strain ECL3 grown on casein hydrolysate (9) . The fraction of higher activity (1 ml) obtained from the agarose-NAD column was exhaustively dialyzed against 0.5 liter of 0.1 M ammonium hydrogen carbonate. The process involved 10 buffer changes with a 15-min dialysis each time. The dialyzed enzyme solution was concentrated in a vacuum chamber, and the N-terminal sequence of the subunit was determined by automated Edman degradation with an Applied Biosystems 470A gas-phase sequencer.
RESULTS
Cloning of the ald gene. As host strain, we used strain JA111 (aldehyde dehydrogenase deficient, propanediol oxidoreductase constitutive, and fucose negative), which failed to grow on propanediol. A previously constructed E. coli genomic library (12) was used for transformation. The transformants were plated on propanediol-ampicillin minimal agar. Nineteen propanediol-positive clones were purified. All were fucose negative, which was a trait of the host strain. The plasmid DNA of six clones displaying more rapid growth on propanediol was prepared and reintroduced into strain JA111. All six of these plasmids were shown to complement the ald mutation. Three of the transformants, carrying plasmids pALD1, pALD2, and pALD3, were sub- jected to determination of aldehyde dehydrogenase and propanediol oxidoreductase activities; all three showed restored aldehyde dehydrogenase activity and constitutive propanediol oxidoreductase activity ( Table 2 ). The aldehyde dehydrogenase and the propanediol oxidoreductase activities were also determined in strain JA111 transformed with the plasmid pBR322 as a negative control. The transformant remained deficient in aldehyde dehydrogenase and constitutive in propanediol oxidoreductase.
Determination Fig. 1A . One of the subclones, plasmid pALD1.1 restoring the enzyme activity. Deletion analysis of the 3.7-kb EcoRI-HindlIl fragment by use of exonuclease III delimited the region that complemented the ald mutation to 1.8 kb (Fig. 1B) . By comparing the restriction map of the cloned ald region with the corresponding region of the physical map of Kohara et al. (19) , we found that the ald gene is located between 1504 and 1506 kb on the physical map and around 31.8 min on the chromosomal map (2) . Sequencing data of the ald region (see below) have shown that the start codon of the open reading frame (ORF) of the ald gene is proximate to the EcoRI site and distal to the HindIII site on plasmid pALD1 (Fig. 1) . Accordingly, the ald gene is transcribed clockwise on the E. coli chromosome.
Sequencing of the region coding for aldehyde dehydrogenase. When the nucleotide sequence of plasmid pALD1.1 was completely sequenced for both strands of DNA, a single long ORF was found. This ORF, presented in Fig. 2 , encodes 479 amino acids with a predicted molecular mass of 52,278 Da, which is close to that of the enzyme subunit (about 55,000 Da), as indicated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (5) . The amino acid composition deduced from the nucleotide sequence was in close agreement with the experimentally determined composition of the enzyme protein reported previously (5) .
The ORF starts from the ATG initiation codon at position 1 of the sequenced region, with a potential Shine-Dalgarno sequence at position -11. There is a set of 9-bp inverted repeats 10 nucleotides after the TAA translational stop codon that could form a stable stem-loop structure with a calculated free energy of stabilization of -25.8 kcal (ca. -107.9 kJ) (underlined twice in Fig. 2 ). This structure is likely to correspond to a rho-dependent transcriptional termination signal.
A possible consensus sequence of 7 amino acids for coenzyme specificity was found starting at amino acid 207. This sequence, G-X-G-X-X-X-G, is highly conserved among aldehyde dehydrogenases (see Fig. 4) . A cysteine at position 285 most probably corresponds to the highly conserved cysteine of the active center of the aldehyde dehydrogena-
which is highly conserved among other aldehyde dehydrogenases (28) , was also found in the E. coli enzyme: starting at position 248, the sequence was V-C-L-E-L-G-G-K-A-P. N-terminal amino acid sequencing of aldehyde dehydrogenase. Aldehyde dehydrogenase was purified from E. coli K-12 strain ECL3, and the amino acid of the N terminus was sequenced by automated Edman degradation. The sequence yielded was S-V-P-V-Q-H-P-M-Y-I. This Single-stranded DNA of this template was hybridized with the total mRNA preparation. After annealing with 32p_ labeled sequencing primer that was complementary to the Bluescript polylinker region, the primer was extended with T4 DNA polymerase. The samples were subjected to polyacrylamide gel electrophoresis in parallel with sequencing mixtures prepared with the same template and primer. Two major products differing in 2 bp were observed (Fig. 3 , lane 1) that were absent when the primer extension reaction was carried out without mRNA (lane 2). Of the two observed products, the first termination of the primer extension would be the most likely to represent the transcriptional start point, and it corresponded to the adenine at position -43 (Fig. 3) . A putative TATA box appears at -10 of the transcriptional start point (underlined in Fig. 2) .
Amino acid sequence homology with other aldehyde dehy- The general dehydrogenases, such as alcohol dehydrogenases, with a coenzyme-binding consensus sequence G-X-G-X-X-G catalyze reactions that are normally reversible, whereas aldehyde dehydrogenases with a coenzyme-binding consensus sequence G-X-G-X-X-X-G catalyze reactions that are normally irreversible. Interestingly, glyceraldehyde-3-phosphate dehydrogenase, although having an aldehyde as the substrate, catalyzes a reversible reaction and has the consensus sequence of the enzymes catalyzing reversible reactions.
Many sequences of glyceraldehyde-3-phosphate dehydrogenase of different species have been shown to be highly conserved and have been used for phylogenetic comparison (17) . Sequences of aldehyde dehydrogenases also seem to be promising for this purpose. Unfortunately, no sequences are yet available for other microbial aldehyde dehydrogenases with a wide spectrum of metabolic functions.
